WAVEGUIDE DEVICE WITH MODE CONTROL AND 
PUMP LIGHT CONFINEMENT AND METHOD OF USING SAME 



BACKGROUND OF THE INVENTION 

L \ Field of the Invention , 

The present invention relates to pumped solid-state lasers, amplifiers 
and methods for using same and, particularly , when such pumping is provided by 
one or more laser diodes. The invention can be used in high power diode pumped 
lasers for applications such as materials processing. The invention can also be used 
in low power diode pumped lasers" for applicaitions such as marking, cutting, 
drilling, machining, and communications. The invention can also be used in 
amplifiers for amplifying laser beams . The invention offers particular advantages 
for amplifying pulsed laser beams such as those produced by q-switched and/or 
mode locked lasers. ^ 

2. Background Art 

: Most solid state laser applications beriefit from the use of laser 

sources which have high beam quality, high efficiency, and high reliability, and 
which are low in cost. When compared to lamp-pumped, solid state lasers, LPL's, 
diode-pumped, solid state lasers,- DPL's, offer significant advantages in terms of 
beam quality, efficiency, and reliability, but their cost effectiveness is hampered by 
the high cost of laser diodes. . ' 

Typically, llie piraip diodes are the single most expensive component 
in a diode-pumped solid-state laser. The diode cost may be minimized by utilizing 
a DPL design with a high optical-to-opUcal conversion efficiency (the percentage 
of outpiit power from the pump diodes which is converted to iiseful output from thie 
pPL). For a higher optical-to-optical efficiency,, a, lower diode pump, power is ; 
required to achieve a given output power. High optical-to-optic^ efficiency also^ 
benefits the overall system efficiency and helps improve system reliability. Using' 
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diodes without beam conditioning optics (microlenses or fiber coupling) also helps 
reduce the cost of the pump diodes. Diodes with integrated microlenses or fiber 
■ couplingaresignificantly more expensive and are lower in efficiency because 10% 
to 20% of the diode output is normally lost in the beam conditioning optics. 
5 " Additionally, utilizing diodes with simple packages can minimize the cost of the 
pump diodes. Typically, if the diodes must be packed very close together, 
expensive micro-channel heatsinks must be used. DPL designs that use diode bars 
individually mounted or stacked with a wide bar-to-bar spacmg may benefit from 
' the ability to use lower cost diode packages. In order to minimize the cost of the 
10 pump diodes , the ideal DPL design should have a high optical-to-optical conversion 
efficiency, should not require beam conditioning optics for the pump diodes, and 
should permit the use of diodes with simple packaging. . . 

A variety of laser crystals and glasses may be used as the gain 
medium for DPL's The most commonly used crystal for high power DPL' s is 
15 Neodymium doped Yttriiun Aluminum Garnet, Nd:YAG. YAG is a synthetic 
. crystal with good thermal, mechanical, and optical properties. When doped with 
about 1 % atomic Nd, it exhibits a number of strong fourTlevel lasing transitions. 
. The strongest line is at 1064mn. Commercially available laser diodes at 808nm and 
. 880nm are typically used to pump Nd: YAG. . 

20 For most types of lasers, and, in particular, for solid-state lasers, 

thermal effects in the gain medium hamper achieving high beam quality during high 
output power operation. In solid-state lasers, the gain medium is normally pumped 
throughout its volume and cooled on one or more surfaces! This volume heating 
and surface cooling leads to thermal gradients in the gain medium. These thermal 

25 gradients cause stress gradients in the gain medium because thermal expansion in 
the hotter part of the gain medium is constrained by the cooler part of the gain 
medium. Because the refractive index of the gain medium is dependent on both 
temperamre and stress, the thermal and stress gradients in the gain medium create 
refi-active index gradients. Light traveling in the gain medium perpendicular to 

30 these gradients will experience focusing effects because.the refractive mdex gradient 
makes the gain medium" act as.a gradient index lens. Achieving high output power ^ 
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and high beam quality simultaneously requires taking, some steps to minimize the 
impact of these effects on the laser performance. 

Many different DPL designs have been developed in the effort to 
• achieve high power, high beam quality, high efficiency, high reliability, and low 
5 cost. The most common configuration is the rod-geometry DPL. In a rod-geometry 
DPL, the gain medium is shaped as a cylinder.. It is pumped either through its side 
surface or through its end, surface(s) and is cooled on its side surface. The beam 
propagates along the axis of the rod. 

In rod-geometry solid-state lasers the thermal gradients are radial and 
10 light traveling down the length of the rod is focused. The strength of this "thermal 
. lensing" is directly propoitional to the pumping power. TMs thermal lensing limits 
the beam quality of high power, rod-geometry solid-state lasers making them a poor 
choice for high power, high beam quality applications. Rod-geometry DPL's are 
relatively simple to build, can be designed using diodes without beam conditioning 
15 optics and have reasonable efficiencies. Rod-geometry DPL's are currently 
available at kilowatt average power levels. An exemplary rod-geometry DPL is 
generally indicated at 10 in Figure 1. The DPL 10 includes a laser diode stack 12 
and lenses 14 which focus pump beams 16 through apertures formed in a tube 17. 
The focused light travels through cooling water in a flow tube 18 and into a YAG 
20 rod20. - \ ; .■ ^ 

Numerous alternative solid-state laser geometries have, been 
developed which use gain media with different shapes, beam paths, pumping 
arrangements, and cooling techniques in order to achieve high power operation at 
a high beam quality level. These designs include zigzag slab lasers, thin disk lasers, 
25 and planar waveguide lasers. Each of these designs utilizes cooling of a flat surface 
on the gain medium to produce a thermal gradient that is one-dimensional. 

Zigzag slab lasers use a gain medium that is rectangular in cross 
section transverse to the beam propagation direction. . The longer of the two . 
: opposing surfaces of the rectangle is cooled while the adjacent faces are uncobled. 
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• This establishes a one dimension thermal gradient perpendicular to the two cooled 
faces. Pumping can be either through the cooled faces or the uncooled faces. The 
beam path through the active medium follows a zigzag path making multiple 
.. reflections off the two cooled faces.; The zigzag path has the effect of averaging the 
5 • thermal gradient seen by any part of the laser beam such that thermal lensing is 
elimmated to first order. Second order effects still tend to hamper the beam quality 
at high power. The beam quality is typically different in the zigzag direction and 
the transverse direction; DPL's of this type typically require pump laser diodes 44 
to be packed close together in order to mmimize the required length of the gain 
10 medium. The precision required in the fabrication of the slab itself makes it 
significantly more expensive than a rod of comparable length. Several companies 
Offer high power zigzag slab DPL's with po\yer levels as high as 3kW. TEMoo 
output powers from zigzag slab DPL's have been limited to about lOOW. A 
diagram of this design is shown in Figure 2 wherein cooling water is indicated at 



Thin disk lasers use a disk-shaped piece of laser crystal that has a 
diameter much larger than its thickness. It is cooled on one of its large flat 
surfaces; The cooled surface acts as a niirror in the beam path of the laser and the 
f| beam is amplified as it passes through the disk before and after reflection from the 

S V 20 mirrored surface. Because the beam is traveling in the same direction as the 
, thermal gradient in the laser crystal there is, in principle, no thermal lensing. 
Again, secoiid order thermal effects are the ultimate limitation to beam quality at 
high power. , ' . . - 

This type ohaser was originally developed for fusion research using 

• 25 lamp pumping of one of the large faces. More recently, a version of this laser was 
developed arid pMented by researchers in Geramny (US patent 5,553,088, Brauch, 

\ et al.) . This version is based on mounting one of the faces of the disk to a solid . 
heatsink and-using diodes to pump the disk from the opposite face of from the 
- edges. This design has shown TEMoo beam qualities up to lOQW and.has been 
. ^ 30 scaled to powers as high as 650W with beani quality < 10 times diffiraction limited 
(about 5-7 times higher beam quality than current lamp pumped IkW rod geometty 
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lasers arid about 3 times higher beam quality than a typical IkW diode pumped rod 
geometry laser) . An exemplary thin disk laser is generally indicated at 24 in Figure 
' . 3. A fiber bundle 26 is located adjacent a crystal and heatsink 28 which, in turn, 
is located adjacent a flat mirror 30. A planar array of spherical imaging mirrors 32 
. 5 - image the light from the crystal. An output coupler 34 is. also provided. 

- Recently, the planar waveguide laser geometry has emerged as 

another alternative geometry for diode-pumped, solid-state lasers. Planar 
waveguidelasers, such as the one generally indicated at 36 in Figure 4, have many 
attributes not generally found in any other dipde-pumped, solid-state lasers. In a 
iO planar waveguide DPL the gain inedium is a sheet 38 a few microns to a few 
. hundred microns tMck wWch acts as the core of a one-dimensional waveguide. This 
core 38 is typically attached to a substrate 40 that serves as a cladding on one side 
J of the core 38 . If the opposite side of the core 38 is clad with the same material as 

: the substrate, the waveguide is referred to as a symmetrical , waveguide. If the 
" 15 opposite side of the core 38 is unclad or clad with a material different from that of 
the substrate, the waveguide is referred to as an asynometrical waveguide. Figure 
4 shows a cladding 42 on top of the core 38. In sonie cases there may be mu^ 
claddings on one or both sides of the core 38. The refractive index of the core 38 
.: is higher than that of the claddings; In the guided direction, tiiis r 
20 difference defines an acceptance angle or.Numerical Aperture (NA) 46 into which 
light will be guided through the core 38 with low loss via total internal reflections; 
at the core/clad iiiterface. The NA of the waveguide is defined by the equation 
> NA=sin(0/2) where 0.is the full acceptance angle. For a symmetric waveguide, 
the NA may be calculated based on the refractive indices of die core and cladding 
25 according to the equation NA=sqrt(noW) where is the refractive index of the 
: core 38 and ni is the refractive index of the cladding. In the transverse, unguided, 
c directionthe light propagates as it would through a bulk section of the gain medium. 

V: \: . ■ ^ • Planar waveguides may be side pumped, end pumped 6t face p 

. t V -J : by intr^^ the sides, endS; or faces of thie core, respectively; 

30 ■ Side piumping and end pumping offer very high efficiency if the pump light is 

r ' coupled into the core \yithin the NA of the waveguide arid if the width and length 
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are long enough to provide significant absorption of the pump light. Face pUmpmg 
is typically less efficient because the core is too thin to . provide significant 
absorption of the pump light on a single pass.. In this case the waveguide is. 
typically surrounded by a reflecttve cavity which will redirect the transmitted pump 
light back mto the core multiple times. Losses in, the reflective cavity contribute to, 
reduced efficiency when face pumping. ; 

The side-pumped geometry for planar waveguide lasers lends itself 
to butt-coupling of the diode fa light into the core layer without the need forany 
radiance conditioning optics. As a result of butt-coupling, the planar waveguide 

. laser system" can be very compact; rugged, portable, simple to operate,, and 
inexpensive. As the output power of 10 mm long laser diode bars contmues to 
increase ftom20 W to 40 W and beyond, higher laser output will become available 

, from the same compact waveguide package due to the aggressive thermal 

engineering ti>»' is ■ntt"^'^'"'''' *'"'"'*' 

: ' Planar waveguides are typicaUy face cooled by attaching a heatsink 

,0 U>e outer face of the substrate and/or cladding. Face cooling causes the heat to - 
flow perpendicular to . the plane of the core resulting in an essentially one- 
dimensional diemud gradient in the core. Thermal effects during laser operation 

■ are minimized because the lastag region is about 2 orders of magnitude thmner than 

■ thi. used in rod or slab lasers. Temperamre differences between the center of the ,, 
■ guide and d>e edge are on the order of O.rC, and can be neglected. The mmunal 

■ temperamre gradient in the guided direction, combmed with the guidmg effect of 
Ore waveguide structure eliminate any- thermally induced optical effects like the , 

■ uiermallensmg seen in rod geometry lasers. Tire thermal gradient within the. core 
; in the transverse direction is also minimal and co.npa.ible widi high beanrquality 
operation. ' . = . 

; >:sacom«iuenceofteessentialab«nceofthe^ 
■ waveguide lasers„the beam quaUty can. be close to difftaction limited (M^< 1.2) and 
: . ihe beam quality is not signiflcanay affected by changes in; pumping power. 
: Additionally, scalW ftom low.average power.to power^^^ 



watts does not require corrections in the laser architecture to counteract the 
increased waste heat generation as would be expected for rods or slabs. The length 
of the pumped region can readily be increased from around 1 cm for 10 W class 
lasers to several cm for power. scaling. This relatively short length is in contrast to 
- fiber lasers that employ fiber lengths on the order of several meters to 10s of 
meters. Although fiber lasers have demonstrated good power scalability, they run: 
into limitations due to Raman scattering or other nonlinear interactions between the . 
developed laser i-adiation and the laser gain medium if short pulses are desired. 
Planar wayeguide lasers have no such limitations due to their very short gain 
medium lengths! Additionally, because cavity lengths on the order of a few cm 
characterize the laser resonators for waveguide lasers ^ nanosecond and sub- 
hanosecond q-switched output pulses can.be readily generated. 

Planar waveguides can be designed to produce single mode beam 
quality in the guided direction if the thickness of the core -is below the cutoff 
thickness for propagation of the next higher order mode. This cutoff thickness is 
related to the NA of the waveguide. For typical NA's, the maximuin core thickness 
for single mode operation can range from a few microns to a few tens of microns; 
For a larger core thickness, the beam quality will be multimode in the guided 
direction unless some additional mode confrol technique is used. 

In the ttansyerse diirection, the beam quality of a planar waveguide 
/ laser is determined by the type of resonator used. The resonator can be either stable 
or unstable; The resonator mirrors can be fabricated directly on the ends of the 
waveguide or they can be external optics. An unstable resonator fabricated directly 
on the ends of the waveguide offers high beam quality operation from a simple, 
robust, monolithic device. By incprporating appropriate devices or features into the 
resonator, planar waveguide lasers may be polarized, q-switched, mode-locked, or , 
frequency shifted. / • , ^ 

The core in a planar waveguide has the same laser characteristics as 
. the bulk medium used. : High gains cani be generated in planar waveguides because 
piimp light is .confmed to a small guiding region. This high pumping density in 
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planar waveguides offers features that are not matched by other solid-state laser 
architectures. Besides being operational for the three common Nd^+ lasing 
transitions, planar waveguides are ideally suited for efficient and power-scalable 
operation of quasi-3-level lasing ions, such as Yb^+, and Er^+. Losses are 

typically less than 0.2 dB/cm and can potentially be reduced further through 
unprovements in the fabrication process. The low loss combined with the high gain 
in a planar waveguide permit the operation of additional laser transitions having a 
low gain, as is the case for tunable lasers based on Cr^.+ in a number of lasing 
media. ' , 

Data regarding diode pumped planar waveguide lasers has been 
published by ORG Southampton, Heriot Watt University, and Maxios Laser 
Corporation among others. Maxios has obtained a patent which describes its planar 
waveguide laser design, U.S. Patent No. 6,160,824, which is incorporated here in 
its entirety^ ' , / " • ;' . " . 

The Maxios laser, generally indicated at 48 in Figure 5, uses a 
double-clad structure as shown to contain the pump light and to provide high beam 
quality output and also utilizes stress-induced birefringence to control the 
polarization. The NA of the interface between a core 50 and an inner, clad 52 is 
low, about 0.02, to provide.mode control but the NA of the interface between the 
inner clad 52 and an outer clad 54 is high, about 0.5, to provide pump confinement.. 
The Maxios design achieves high beam quality and is reasonably simple and 
efficient. The structure used by Maxios is fabricated by diffusion bonding bulk 
material and polishing it down to the required thickness. The biggest drawback this 
type of double-clad design is that the waveguide 48 is a five-layer structure with 
three layers 50 and 52 that are veiy thin, 5-50 microns thick. The complex 
structtire makes fabrication difficult. An additional drawback is that the absorption 
rate of the pump light from a pump diode 56 in the core 50 is reduced by a factor 
equal to the ratio of the core thickness to the total thickness of the core 50 and inner 
cladding layers 52" This is because the pump light fills both the core 50 and ttie 
inner cladding layers 52 but there is no absorption of the pump light while it is 
•bounding through the inner cladding layers 52. A wider waveguide must be Used 
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to compensate for the lower absorption rate. To minimize the absorption rate 
reduction caused by the inner clad layers 52, the inner clad layers 52 are kept 
extremely thin (less than V2 the thickness of the core 50), contributing to the 
fabrication difficulties. 

5 , The li.S. patent to Fermann etal., 5,818,630, discloses sihgle-mdde 

amplifiers and compressors based on multi-mode fibers. Multi-mode fibers amplify, 
laser light in a single-mode amplifier system. 

SUMMARY OF THE INVENTION 

An object of the present invention is to provide an improved 
S3 10 - waveguide device with mode control and pump light confmement and method of 

■ using same. 

V: Another object of the present invention is to provide a waveguide 
device with mode control and pump light confinement and method of using same 
. wherein the device can deliver desu-ed jpower, beam quality, efficiency, and 
15 reliability while utilizing a minimum amount of pump power such as diode pump 
power.: : ' : ' 



In carrying out the above objects and other objects of the present 
invention, a waveguide device which acts as a waveguide in at least one direction 
■ thereof is provided. The device includes a core having a pump input surface for 
20 . ' receiving pumping radiation at a pumping wavelength and. at least one output 
- surface for emitting a laser beam at an output wavelength, and means for providing 
pump-light confinement and means for providing output mode control iii different 
sections of the device along the direction of beam propagation. . . - 

The guided durection is preferably not the same as the direction of 
25 - beam propagation: The direction of beani propagation, also called the optical axis, 
' runs along the length of the waveguide. The guided durection in the planar, 
waveguides is perpendicular to the plane of the core . - v l ' 
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the core may be a single member and may include an active core 
member and a passive core member. 

The means for providing pump-light confinement may include a 
pump-light containment component which may be in contact with a surface of the 
5 core in a pumping section of the device, and wherein the pump-light containment 
component may be a pump cladding. 

The means for providing output mode control may include a coating 
in contact with, the core, a mode control cladding in contact with the core, or a 
grating in contact with the core. 

p 10 The core may be a planar core or niay be a cylindrical core. ; 

The device may further include a substrate for supporting the core. 



The device may be a laser and wherein the laser may be a planar 
waveguide laser. 

The core may have a laser input surface for receiving a source laser 
15 V beam to be amplified and wherein the device is a optical amplifier. 

The core may be planar and wherein the optical amplifier is a planar 
waveguide amplifier. , 

V The laser input surface may be different firom either the pumping 
- - input surface or the at least one output surface. 

20 ' The laser input surface may be.the samie as the at least one output 

surfiice. ' ;.. . \r' \- 

• An output mode control section oif the device may have a lower NA 

than the puinping section of the device. " . , 
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The pumping section may have a NA greater than 0.05. 

The output.mode: control section may have a NA less than 0.22. 

• ^ The planar core may include doped YAG. 

The pump cladding may have a lower refractive index than the 
5 refractive index of the core. 

The pump cladding may be sapphire or undoped YAG. 

the mode control cladding may include a material having a refractive 
' indexbetweenthatof the core and that of the pump cladding. 

The mode conttol cladding may include doped or undoped YAG. 

iO . The planar core may include a first core member which absorbs the 

pumping radiation and a separate second coire member which either does no^ absorb 
the pumping radiation or has an absorption lo\yer than absoi:ption of the first core 
' member at the pumping wavelength. ' ; 

' device may act as a pair of sepjirate waveguides which are butt- 
15 coupled or coupled together by an imaging system, /j 

- . The device may be an optical fiber. 

the means for providing output mode conttol n;iay include a mode 
control^cladding different from the pump cladding. 

The device may comprise sections of different types of fiber which 
20 ' are either spliced, butt-cpUpled or coupled together by imaging an output from one 
• section into the other section. ; ■ : • ■ 
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In carrying out the above objects and other objects of the present 
invention, a method for generating a laser beam having a desired output mode is 
provided. The method includes providing a core having a pump input surface and 
at least one output surface. The core serves as a waveguide in at least one 
5 -direction. The core is pumped at the pump input surface with pumping radiation 
at a pumping wavelength so that an output laser beam is emitted at the at least one 
output surface at.an output wavelength. The method includes the step of separating, 
the functions of pump-light confinement and output mode control to different 
sections along the length of the. waveguide. - 

10 The core may have a laser input surface and wherein the method 

further comprises, transmitting a source laser beam into the core at the laser input 
surface wherein the source laser beam is amplified within the core and wherein the 
output beain is an amplified source laser beam. ^ 

The invention provides a structure for the gain medium in a diode- 
15 pumped solid-state laser or amplifier in which the gain medium acts as a waveguide 
in at least one direction and in which there are separate sections along the length of 
the waveguide for pump light confinement and output mode control. When 
. - implemented as a side-pumped planar waveguide laser, this invention offers many 
advantageous features including simple po\yer scaling, high beam quality at high 
20 power levels, high efficiency and high reliabUity. Compared to most other solid- 
state laser designs with high beam quality^ the invention requires less diode pump 
power to achieve a desired output power and in most cases die pump diodes do not 
require beam-conditioning optics. 

"When implemiented as an amplifier, the proposed invention offers 
25 higher gain than bulk rod, slab, or disk amplifiers for a given pump power due to 
the reduced cross-sectiohai area; of the core. . The invention also offers reduced ASE 
compared to a bulk rod, slab, or disk amplifier of equivalent gain. The invention 
also permits higher pulse energies without damage tiian fiber amplifiers due to the 
r ' larger cross-sectiotial area of the core. : " ' ; . . " 



The emitters on high power laser diodes have typical dimensions of 
50 microns to' 500 microns in the "slow axis", and about 1 micron in the "fast axis." 
The beam divergence is about 10°FWHM in the slow axis. In the fast axis, the 
light emitted by diode lasers is highly divergent with a numerical aperture, NA, of 
about 0.5 (NA = siri(0/2) where 0 is the full angle beam divergence). If laser 
diodes are butt-coupled to the side of the core in a planar waveguide structure with 
titeir fast axis in the guided direction, a waveguide NA > 0.5 is required to confine 
the pump light to the core. Ideally, however, the laser output fi-om the waveguide 
should have a much lower NA in order to produce a good beam quality output mode 
from a waveguide core of a reasonable thickness. For exaniple, a waveguide with 
a NA of 0.5 would require an extremely ttiin core thickness of about 1 micron in 
order to guarantee single mode output, but a waveguide with a NA of 6.02 could 
produce single mode output from a core thickness in the range of 20 to 50 microns. 
In order to mininiize alignment tolerances when butt-coupling the pump diodes, it 
is desirable to have a waveguide core much thicker than the typical 1 micron emitter 
height of the pump diodes. A thicker core also simplifies fabrication. The desire 
to have a thick core with a high NA for efficient pump li^t capture and a lo\yer NA 
for output mode control is addressed by this invention. 

The proposed invention separates the functions of pump light 
containment and output mode conti-ol by moving them to different sections along the 
length of the waveguide. Mode control does not need to occur over the entire 
length of the waveguide in order to get a low NA output beam. Likewise, there is 
no need to pump the entire length of the waveguide, . It is therefore sensible to 
optimize a portion of the length of the waveguide to have the desired mode contrpl 
properties (a low NA) and to bptimize another section of the waveguide to have 
maximum pump light containment (a high NA). 

This can be achieved by leaving a portion of the waveguide core 
unclad or by depositing appropriate coatings on different sections of the core or by 
coritacting/bpnding materials with different refi-active indices to different sections 
of the core or by a combination, of these approaches. There . may be other 
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techniques as well, possibly applying a grating to a portion of the length of the 
waveguide for mode control. 

The above objects and other objects, features, and advantages of the 
"present invention are readily apparent from the following detailed description of the 
5 best mode for carrying out the invention when taken in connection with the 
accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIGURE 1 is a schematic end view of an exemplary, prior art, diode- 
pumped, rod-geomefry laser; 

10 ; FIGURE 2 is a schematic side view of a high power, diode-pumped, 

zigzag slab laser of the prior art; 

FIGURE 3 is a schemjatic perspective view of a prior art, diode- 
■ piimped, thin disk laser including a number of spherical mirrors for re-imaging the 
pump light onto a thin disk; 

15 . FIGURE 4 is a schematic perspective yiew of a relatively simple, 

' diode-pumped, planar waveguide laser of the prior art; 

FIGURE 5 is a schematic perspective view of a prior art double-clad , 
planar waveguide laser; 

• FIGURES. 6a-6d are top, side, end, and perspective schematic views, 
20 respectively , of a first embodiment of the present invention implemented as a side-, 
pumped, planar waveguide laser; . ' \ - S 

: ■ ; FIGURES Ta-^d are top; side, end, and perspectiye schematic views, 
- respectively, of a second embodiment of the present invention. implemented as a 
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-side-pumped, planar waveguide laser utilizing an "unclad pumping section and 
. external-resonator mirrors; 

FIGURES 8a-8d are top, side, end, and perspective schematic views, 
respectively, of a third embodiment of the present invention implemented as a side- 
5 pumped, planar waveguide laser wherein a coating is used to provide a low NA, 
mode control section and an external resonator mirror is used on one end of the 
waveguide device while an integral resonator mirror is used on the other end of the 
waveguide device; 

FIGURES 9a-9d are top, side, end, and perspective schematic views, 
10 respectively , of a fourth embodiment of the present invention implemented as a side- 
pumped, planar waveguide amplifier wherein the core is a compound structure and 



jfi , the ends of the waveguide deyice are polished flat, canteid, and AR coated; 



FIGURES lOa-lOd. are top, -side, end, and perspective schematic 
views, respectively, of a fifth embodiment of the present invention implemented as 
15 a side-pumped, planar waveguide amplifier wherein a pumping section and a mode 
control section of the device comprise discrete waveguides; 

FIGURES lla-lld are top, side, end, and perspective schematic 
views, respectively, of a sixth embodiment of the present invention implemented as 
a double-pass, planar waveguide amplifier wherein the waveguide device is end- 
20 pumped; and . - . . ." ■ 

FIGURES 12a-12d are top/ side sectional, end, and perspective 
-l schematic views, respectively, of a seventh embodiment of the present invention 
- , wherein the waveguide device is a fiber. 
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BEST MODE FOR CARRYING OUT THE INVENTION 



A preferred embodiment of a waveguide device of the present" 
invention, as applied to a diode pumped planar waveguide laser, is generally 
indicated at 60 in Figures 6a-6d. 

The laser 60 includes a waveguide core 62 of 1 .0% doped Nd: YAG 
which may be 5-200 microns thick, 0.5-lOmm wide, and 10-150mm long. For one 
specific case, the acmal core dimensions are 30 microns thick x 5.5mm wide x 
30mm long.. The laser 60 also includes a sapphire cladding/structural member 64 
that is 0.5-lOmm thick with a length and width equal to that of the core 62 and is 
optically contacted and diffusion bonded to the core 62 via their large faces 61 and 
63, respectively. For the specific case mentioned above, the actual thickness of the 
structurid member 64 is 3mm. ; , 

The laser 60 further includes a sapphire pump guide claidding 
component 66 which is 0. 1-lmm thick, with a width equivalent to that of the core 
62, and a length 50% to 90% as long as that of the core. 62 optically contacted and 
diffusion bonded to an exposed large face 65 of the core 62 via one of its large faces 
67 so that its end 68 is flush With one end 69 of the waveguide core 62. For the 
specific case mentioned above, the actual thickness and length of the sapphire pump 
guide cladding component 66 are 0.5mm and 24nim, respectively. 

; V The laser '60 still fiirther includes a 0.8% doped Nd: YAG mode 

control Cladding component 70 which has a thickness equivalent to that of the pump 
guide cladding component 66, a width equivalent to that of the core 62, and a length 
equal to the length of the core 62 minus the length of the pump guide cladding 66, 
is optically contacted and diffusion bonded to the remaining portion of Ae exposed 
jface 65 of the core 62 via one of its large faces .71 so that its end 72 is flush with 
the opposite end 73 of the waveguide core 62. 

. : • .. End faces 74, 75, and 76 of the waveguide structure, those faces 
perpendicular to its length, are polished to form a hybrid stable/unstable resonator. 
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The resonator is stable in the guided direction but unstable in the transverse 
direction. The unstable resonator is a cbnfocal design (the sum of the end face radii 
is equal to twice the length of the, resonator). 

The laser 60 further includes coatings (not shown) at the laser 
5 wavelength which are applied to the end faces 74 and 75 as shown in Figure 6a to 
form the resonator minors. In particular, HR coatings at the laser wavelength are 
applied to the convex cylindrical surface at the end face 74 and to the coiicave 
cylindrical surface at the end face 75. 

The outer top/bottom surfaces of the structural member 64, the pump 
10 guide cladding 66, and the mode control cladding 70 are fine ground to scatter any 
light which hits them. • _ • 

A heatsink (not shown) is bonded to the ground surface of the pump 
guide cladding 66 to provide cooling. 

Side faces 77 of the composite waveguide are polished .and AR coated 
15 at the pump light wavelength and at the laser wavelength. The side faces 77 are 
canted to form a trapezoid in a cross-section perpendicular to the optical axis in 
order to suppress parasitic oscillations. In the specific case mentioned above, these 
;'. side faces 77 are each canted by 3 degrees. 

: ^ . " The end faces 76 of the composite waveguide are polished and AR 
20 coated at the laser wavelength. The end faces 76 may be canted relative to the plane 
of the core so that reflections off of these faces wUl not stimulate the backward 
traveling unstable mode. . 

, : Pump diodes 79 are butt-coupled to the sides of the waveguide core 
; 62 along the length of the pump guide claddiiig 66 but not along the length of the 
25 mode control cladding 70. . - I . . i ' v ; , ; ^ > ^ ;; ; : . 
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. The embodiment of the invention described above and shown in 
Figures 6a-6d has numerous advantageous features. This embodiment uses bulk 
sapphire and YkG that are optically contacted to the doped YAG core 62 of the 
waveguide device to serve as pump light confinement and mode control claddings 
5 66 and 70, respectively. The adhesion of these claddings 66 and 70 to the core 62 
can be enhanced by diffusion bonding them to the. core 62 and possibly also 
diffusion bonding them to each other. . 

This structure has advantages over the prior art in that it provides 
good pump light confinement and good mode control yet the waveguide is only a 
10 three-layer structure and the cladding layers 66 and 70 can be much thicker than in 
a double-clad structure. Both of these aspects make fabrication much simpler. The 
only limitation on the thickness of the pump cladding 66 is that the waste heat 
deposited m the core 62 by the pump light must be removed by conduction through 
.[r"' the pump cladding layer 66. For convenience, the mode control cladding 70 would 
15 probably be fabricated with the same thickness as the pump cladding 66. 

In the pumping section, the sapphire claddings with a refractive index 
. of about 1 75 surround the Nd:YAG core 62 with a refractive index of about 1 .82 
to define a syihmettic waveguide with a NA of about 0.5. This high NA in the 
pumping section provides excellent capture of the highly divergent , fast-axis 
20 emission from the pump diodes 79 that are butt-coupled to the sides of the puinping 
section. The width of the structure is sufficient to guarantee that nearly all of the 
pump light entering the sides of the pumping section is absorbed in a single pass. ; 
. The sides of the structure are anti-reflection (AR) coated at the pump wavelength 
; and at the laser wavelength. The. elimination of any optical elements between the , 
25 pump diodes 79 and the active medium and the nearly complete absorption of tl^e 
: pump light in a single pass naake the pumping efficiency of the design very high. 

; : : ■ - ^ In the mode control section, thfi waveguide device 60 is asymmettic. 
The very small refractive index difference (An= 0.0001) between the 0.8% doped 
• , mode control cladding 70 and the 1.0% doped core .62 defines a very low NA 
30 asymmetric waveguide with a NA of about 0.01, This mode control section has an . . 



effect similar to placing a mode control aperture into the resonator of a conventional 
rod-type laser, it blocks the buildup of high order modes. Even though the high NA 
of the pump section is capable of propagating high order guided modes with low 
loss, only the lo\yest order mode can propagate through. the mode control section 
with low loss. The high loss seen by the higher order modes prevents them from 
building up so only the lowest order mode lases. 

An advantage of the present invention over the double-clad design of 
Figure 5 is that the mode control cladding 70 can be doped with the same ion as the 
core 62. Since for most solid state gain media there is a very small change in 
refractive index with doping level, by doping the mode control cladding 70 just 
slightly differently, than the core 62 . allows the creation of a very small index 
difference and thus a very low NA; The very low NA permits the use of a 
relatively thick core while maintaining single mode operation. The thicker core 62 
simplifies fabrication and loosens the alignment tolerances for butt--coupling of the 
pump diodes 79. Since the dopant in the inbde control cladding 70 is the same as 
that in the core 62, it is possible to control their relative doping level to high 
accuracy using standard production techniques. 

One way to accurately control the relative doping level of the core 
62 and ^e mode control cladding 70 is to take them firom different sections of the 
same boule. There is a small change in the doping level from one end of a boule 
to the other end resulting from the. YAG growth proces^^ If the inner claddings in 

' a doubie^:lad structure were doped with the same ion as the core, a sizable portion 
of the pUmp light would be absorbed in the inner claddings and not in the core. 

. This would result in low efficiency for single mode operation. Alternatively, if the . 
inner claddings in a double-clad structure were doped with some other ion in order 
to decrease the index difference between the inner claddings and the core, it .would 

, be very difficult in practice to control the relative refractive, indices adequately. 
Additionally if the doping level in the core of k double clad structure Nvere reduced 
in order to reduce tiie index difference between the core and the inner cladding, the 
rate of pump light absorption in. the core would be reduce^ and a much wider 



structure would be required in order to achieve the same efficiency. The increased 
width would make control of the transverse beam quality much more difficult. 

In addition to controUmg the NA of the laser's output mode, the 
mode control cladding 70 helps to reduce the buildup of amplified spontaneous 
emission(ASE) and parasitic lasing modes. Parasitic modes that rhake reflections 
on the side faces of the waveguide structure would reduce efficiency and limit gain 
by extracting some of the absorbed pump power into modes that \yould not 
contribute to useful laser output. The sides 77 of the waveguide structure are canted 
anti-parallel to eliminate parasitic guided lasing modes that might exist if the sides 
were perpendicular to the core .62. The tilt of the side faces 77 is enough create 
high losses for such modes by steering light which reflects off of the side faces 77 
to angles in the guided direction that are beyond the acceptance angle of the mode 
control section. The minimum tilt angle of the sides 77 for this purpose is 0n^=sin- 
' (NA of mode control section). This minimum angle is about 1.2° for a mode 
control NA of 0.02. ,. , . 

The mode control cladding 70 thus helps to greatly reduce the tilt 
angle required on the sides 77 compared to what would be required in a double-clad 
structure. To achieve the same parasitic suppression in a double-clad structure, its 
sides would have to be tilted far enough to steer the beam beyond the acceptance 
angle of the high NA outer clad to inner clad interface, about 30° for a 0.5NA outer 
waveguide. Since the large tilt angle required to block parasitic modes in a.double- 
clad structure would present a number of problems, the present invention with its 
good parasitic suppression is better suited to q.switched operation where high gains 
are generated while pump energy is stored in the gain inedium. 

For all modes in waveguides, some portion of the beam energy in. 
each mode propagates in the cladding and not in the core 62, The discontinuous 
cladding of the present structure may cause some portion of tins cladding energy to 
be clipped. or scattered. However, for the relatively thick cores typically used, the 
percentage of ener^ in the wings of the lowest order rhode is vei^y siiiall and there 
is a negligible impact on performance due to the discontinuous cladding . ■., 
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: An additional benefit of the preferred embodiment is that the outer 
surface of the claddings can be diffuse ground to help scatter light that is at high 
" enough angles to pass through the core/mode control cladding interface, This 
scattering creates a much higher loss for high divergence modes than that which is 
5 ' produced by a double clad structure. In a double clad structure, laser. emission 
modes with divergence angles above the NA of the core/inner clad structure can still 
. be guided with low loss by the high NA of the inner clad/outer clad interface. This 
means that in the double clad structure* there is little difference in propagation loss 
for loW NA modes and high NA modes. Mode coritrol in the double clad laser 
10 relies on gain differences between the two sets of modes. The ratio of the gain for 
the high NA mbdes.relative to the low NA modes in the double clad structure is 
dependent on the ratio of the core thickness to the total thickness of the core and the 
inner cladding layers (the core-to-clad ratio). 



The preferred embodiment of Figures 6a-6d with its much thicker 
15 iriode control cladding layers 70 which have ground outer surfaces offers higher 
propagation losses for high NA modes due to the scattering effect of the ground 
outer surfaces of the mode control cladding 70. It also offers a larger gain 
: difference between low. NA modes and high NA modes due to the much smaller 
I / ; . core-to-clad ratio. The result of these two effects is that obtaining laser output in 
1 r X20 ody low NA output inodes should be much easier than in a double clad structure 

design. 

The scattering effect provided by the ground surface condition on the 
top and bottom surfaces of the composite waveguide structure also serves to block 
- potential parasitic lasing modes that make reflections on these surfaces . The ground 
25 " surfaces also help to reduce ASE by scattering spontaneous emission that, strikes 
these surfaces leather than reflecting such light back to the core 62 with low loss as 
a polished surface might do. To further enhance these effects, the ground surfaces 
might additionally be coated with a material that is absorbing at the laser 
wavelength. 
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In another variation of the embodiment shown in Figures 6a-6d, 
undoped YAG is substituted for Sapphire in both the pump cladding 66 and the 
structural member 64. Replacing the sapphire components 64 and 66 with undoped 
YAG components reduces the NA of the pump section but still provides the 
pumping section with a higher NA (about 0.04) than that of the mode control 
section (about 0.01). This makes pumping more complex because the diode output 
must be coUimated in order to reduce its divergence to a value that will be guided 
by the lower NA pumping section. However, due to the lower NA in the pumping 
section, this arrangement has reduced levels of ASE and is less likely to suffer from 
parasitic oscillations. This is advantageous if the device 60 is to be q-switched with 
large pulse energies of is to be used as a high gain amplifier. 

Another embodiment of a planar waveguide laser according to the 
present invention is generally indicated at 80 in Figures 7a-7d. It is similar to the 
embodiment of Figures 6a-6d with the following changes: 

► - The pump guide cladding 66 of Figure 6 is omitted leaving the pump 
section of a core 82 unclad on the side opposite a structural member 
84. This makes the pumjp section ah asynimetric waveguide with air 

servmg as the cladding on one side of the core 82 and the sapphire 
of the structural member 84 servmg as the claddmg on the opposite 
side of the core 82. Optionally, a coatmg could be applied to the 
exposed face 83 of the core 82 in the : pump sectipn in order to 
: protect the surface 83 and/or to modify its reflectivity. , 

► - Mode control claddings 86 are used on both ends 85 and 87 of the 
waveguide device 80. The primary reason for adding a second mode 
control cladding 86 is to facilitate polishing of the ends of the core 

■ 82. If an end of the core S2 did not have a cladding 86 on both 
^ sides, it might be prone to suffering chips or surface irregularities 
during the polishing process. In the pump, section the core 82 is 
' " - unclad, on one side and must be polished on its sides, but small 
■ ■ ■ : defects on the sides of the ^ore 82 are not as detrimental to system 
performance as defects on the ends of the core 82. .;- 
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; ► A heatsink (not shown) is mounted to the stmcmral member 84 and 
the structural member 84 has a reduced thickness to reduce the . 
temperature difference between the core 82 and the heatsink during 
operation. 

5 ► . Ends 85 and 87 of the waveguide are polished flat and AR coated at 

tiie laser wavelength. External cylindrical lenses 88 and 90 coUimate 
the beam exiting the ends 85 and 87, respectively, of the waveguide 
in the guided axis and external cylindrical mirrors 92 and 94 oriented 
to the transverse direction are used to form the resonator. This 

10 resonator configuration is shown with this particular embodiment 

solely to illustrate ah additional resonator option. _ 

13 Another embodiment of a planar waveguide laser according to the 

3 present invention is generally indicated at 100 Figures 8a-8d..It is similar tb the 

5 embodiment of Figures 6a-6d with the following changes: 

^ ■ 15 ► Both the mode control cladding 70 and the pump confinement 

■f''- cladding 66 of Figures 6a-6d are omitted. A portion 102 of the 

15 length of an exposed face 104 of a core 103 is coated with a coating 

l| . , l05thatreducestheNA ofthatsectionof the waveguide device 100 

g - ' for output mode control. The remainder of the exposed face 104 of 

^ 20 the core 103 is unclad to provide a high NA for pump light 

■ '■ ' - .^ ,^ confinement. 

; ' ► One end 106 of the waveguide is polished flat and AR coated at the 

■ / laser wavelength. An external cylindrical lens 108 coUimates the 

; beam exitmg this end 106 of the waveguide device 100 in the guided 

■ 25 ' axis and an external cylindrical miiror 1 10 oriented to the transverse 

direction is used to form the resonator oh this end. p 

J- . - . ' end 112 of tlie waveguide, the end 112 is polished with tie re^^ 

V ■ curvature to complete the resonator and is HR coated at the laser . 

> ^ ■ . ■ ; wav^^^ This resonator configuration is shown with this 

-V ■ 30 ■ : - particular embodimem solely to illustrate an additional resonator 

' ./ ■' ' option. '■• --; ' ' ' ' ■ . ; 
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" An embodiment of a. planar waveguide amplifier according to the ; 
- present invention is generally indicated at 120 in Figures 9a-9d. It is similar to the 
embodiment of Figures 6a-6d with the following changes: 

A core, generally indicated at 122, is a compound structure made of 
5 . . different, materials, in different segments^ 124 and 126 along the 

length of the waveguide device 120. In at least a portion of the . 
^ pumping section 124, the core 122 is doped with the desired lasing 
ion to form' the active core section 124. The other section 126 or 
. _ sectiom of the core 122 are undoped or doped^w^^^^ 
10 such that absorption of pump light in these otiier sections is reduced 

: or eliminated to form the passive core section 126. The compound 
core 122 may be fabricated by diffusion bonding the different 
materials together prior to fabricating the waveguide. The 
transition(s) between the different segments 124 and 126 of the core 
15 r 122 preferably does not coincide with a transition between different 

cladding sections (/.e. pump cladding 128 and mode control claddmg 
130). 

► Ends 132 and 134 of the waveguide device 120 including^a substrate 

135 are polished flat, anti-reflection coated at the laser wavelength, 
20 / andtUtedsothatthedevicel20formsatrapezoidwhenviewedfrom 

the side (i.e. Figure 9b). The tilt of the faces at the ends 132 and . 

134 helps to minimize ASE, block parasitic oscillations, and 

minimize the amount of light reflected back toward the source of the 

laser beam to be amplified. 
25 . The beam to be amplified is focused into the end 132 of the 

waveguide. It is amplified as it passes through the waveguide and 

it is emitted from the opposite end 134 of the waveguide. 

Another embodiment for a planar waveguide amplifier according to 
^ the present invention is generally indicated at 140 in Figures lOa-lOd and includes 
30 a pump section, generally indicated at 142. and a separate mode control section, 
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generally indicated at 144. It is similar to the embodiment of Figures 9a-9d with 
the following changes: 

► At the transition from the pump section 142 to the mode control 
section 144, a core, generally indicated at 146, and pump and mode 
control claddings 148 and 150, respectively,, are discontinuous so , 
that the pump section 142 and the mode control section 144 are . 

. formed by separate waveguide elements. The core 146 includes first 
core . member 152 and a second core member 154. A 
substrate/structural layer, generally inciicated at 156, includes a first 
structural member 158 and a second structural member 160, To 
make these separate elements function together in a manner similar 
to the other. embodiments, the output from the core member 152 on 
one end of the pump section 142 is coupled into the core member 
154 on one end of the mode control section 144 via optical 
15 ■ contacting, butt coupling, or a relay imaging system. 

► In the mode control section 144, the structural member 160 might be 
made of the same material as the mode control cladding 150 so that 
the mode control section 144 forms a symmetrical waveguide. The 
core member 154 in the mode control section 144 might be a 

20 different material than the core member 152 of the pump section 

142. 

Another embodiment for a planar waveguide amplifier according to 
the present invention is generally indicated at 162 in Figures lla-lld. It is similar 
. . to the embodiment ofFigures6a-6d with the following changes: 

25 ► ■ . A pumping section end 164 of the waveguide device 162 is polished 

flat, perpendicular to the optical axis and is coated with a coating 
that has high reflectivity at the laser wavelength and low reflectivity 
at die pump wavelength. 
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► A mode control end 166 of the waveguide device 162 is polished 
flat, anti-reflection coated at the laser wavelength, and tilted slightly 

relative to the guided direction; ■ 

► The waveguide device 162 is end-pumped rather than side-pumped 
by coupling light from pump diodes 168 into the end 164 of the 
pumping section. In this case, the anti-reflection coatings at the 
pump wavelength on the sides of the device 162 may be omitted. 
Anti-reflection coatings at the laser wavelength may be added to the 
sides of the device 162 to help minimize ASE. 

► . The beam to be amplified is focused into the mode control end 166 
of the waveguide device 162, as illustrated in Figure lib. • It is 
amplified as it -passes through the waveguide device 162 to the 

; pumping end 164, is reflected, and passes back through the 
- waveguide device 162 to the mode control end 166 where it is 

emitted froni the waveguide device 162. 

The waveguide amj^lifier device 162 ftoher includes a core 170 
having active and passive cop^embers, a pump cladding 172, a mode control 
cladding 174 and a substrat^structural member 176 as before. 

Another embodiment of the present invention is generally indicated 
at 180 in Figures 12a-12d. In this embodiment, the waveguide device :180 is 
configured as a fiber and has a pumping section, generally indicated at 182, and. 
mode control section, generally indicated at 184, which are different types of fiber 
and they are preferably fiision spliced together . A fiber used in the pumping 
section 182 has a core member 186 doped, with the active laser ion and a relatively 
high NA, preferably 6,22 or greater and a pump cladding 185. A fiber used in the 
inpde control sebtion 184 has a core member 188 which may or may not be doped 
with the activ^laser ion and has a low NA^ preferably less Aan O.L The fiber of 
the mode control section 186 has a niode control cladding 187: Pump light from 
a pump laser ciiode 189 is coupled into a;free end 190 of the pumping section 182. 
The low NA of the mode control section 184 permits a fiber laser or amplifier using 
this invention to maintain single mode output while using multimode fiber in the 



pumping section 182. The larger core size offers single mode output at higher 
power without the damage problems or nonlinear effects that might occur in a 
smaller core fiber at the same power level. Some care must be taken with the 
mounting and routing of the fiber in the pumping section 182 to avoid inducing 
"stresses that might cause some of the propagating energy to couple mtb higher order 
modes which would be stripped by the mode control section 184. 

/ While the best mode for carrying out the invention has been 
described in detail, those familiar with the art to which this invention relates will 
recognize various alternative designs and embodiments for practicmg the invention 
as defined by the following clauns. 
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